Objective: To evaluate the risks of continuously administered IV anesthetic drugs (IVADs) on the outcome of adult patients with status epilepticus (SE).
or excluding patients with treatment-refractory SE from IVADs, with the inherent risk of sustained SE. These limitations add to the drawback of already small sample sizes, resulting in insufficient statistical power.
In response to the unacknowledged appeal of the EFNS and the NCS, we evaluated the relative risks of continuously administered IVADs on outcomes of adult SE patients independent of confounders.
METHODS Primary research question and classification of level of evidence. The primary research question was to assess the relative risks of continuously administered IVADs on outcomes of adult SE patients. Our study provides Class III evidence.
Setting and design. This observational cohort study was performed in the intensive care units (ICUs) at the University Hospital Basel, Switzerland, a tertiary academic medical care center with .4,000 ICU admissions per year. All ICUs requested consults from the same team of neurologists regarding diagnosis and treatment of SE patients and followed the same treatment algorithm. We adhered to the STROBE guidelines for reporting observational studies (www.strobe-statement.org).
Standard protocol approvals, registrations, and patient consents. The study was approved by the local ethics committee according to the declaration of Helsinki and patient consent was waived.
Patients and data collection. Clinical and electroencephalographic data of all consecutive adult patients with SE from January 2005 to January 2011 in the medical, cardiac, and surgical ICUs derived from a prospectively established SE database. 10, 11 Demographics, level of consciousness at SE onset, SE duration and etiology, worst seizure type at presentation, additional critical medical conditions, duration of mechanical ventilation, use of vasopressors during SE, infections, and ICU and hospital stay were assessed from digital databases. Furthermore, death and Glasgow Outcome Scale score (GOS) at discharge, as well as time from SE onset to follow-up after discharge, were noted. The diagnosis criteria for infections during SE are given in table e-1 on the Neurology ® Web site at www.neurology.org. During the study period, antiepileptic therapy was standardized as follows: initial treatment with first-line AEDs (IV benzodiazepines administered as bolus), followed by second-line AEDs (including phenytoin, levetiracetam, and valproic acid) if SE persisted, and further escalated with nonanesthetic third-line AED treatment (including lacosamide, topiramate, pregabalin, carbamazepine, and oxcarbazepine), with or without IVADs (including continuous infusions of midazolam, propofol, and barbiturates) if second-line AEDs failed. In our institution, midazolam or propofol were administered for seizure suppression before barbiturates were considered. Barbiturates were used to induce an isoelectric EEG. 12 We assessed the order of AEDs and IVADs. Patients with missing data were excluded, as were post-cardiac arrest patients with SE from hypoxic-ischemic encephalopathy, as these patients receive IVADs during therapeutic hypothermia and this SE type is considered a different entity because of its largely irreversible brain damage and poor outcome. 13 Status epilepticus: Definition and severity. According to the guidelines for evaluation and management of SE, we defined SE as clinical and EEG evidence of seizures that lasted at least 5 minutes or as a series of epileptic seizures that were present without complete intervening clinical recovery. 4, 14 We defined SE duration as the period from SE diagnosis to SE cessation and seizure control if there were no clinical manifestations or ictal activity on EEG.
In order to assess and adjust analyses for SE severity, we graded SE with the independently validated Status Epilepticus Severity Score (STESS), a scoring system that reliably grades SE severity and prediction of death. [15] [16] [17] We categorized the following integral components of STESS as proposed elsewhere 15, 16 : worst seizure types at presentation (simple partial, complex partial, and absence seizures 5 0 points; generalized convulsive seizures 5 1 point; and nonconvulsive status epilepticus in coma 5 2 points), history of prior seizures (present 5 0 points; absent 5 1 point), age $65 years (2 points), and level of consciousness at SE onset (stuporous/ comatose 5 1 point).
Primary and secondary outcomes. Primary outcomes included seizure control, GOS, and death. GOS was dichotomized as favorable (GOS 1-3) and unfavorable outcome (GOS .3).
Duration of ICU and hospital stay were defined as secondary outcomes.
Statistics. Patients were categorized into 2 groups: with and without treatment with IVADs. x 2 and Fisher exact test (where appropriate) were used for comparisons of proportions. For continuous variables, the Shapiro-Wilk test was used to distinguish between normal and abnormal distributions. Normally distributed variables were analyzed by using the Student t test and non-normallydistributed variables by using the Mann-Whitney U test.
Relative risks of death were estimated by Poisson regression with robust error variance, 18 and were adjusted for potential confounders including SE duration and severity (graded by STESS including age, prior history of seizures, worst seizure type, and level of consciousness at SE onset), as well as receipt of nonanesthetic third-line AEDs and additional critical medical conditions, all differing significantly in the univariable comparison of patients with and without IVADs. Additional adjustment for age was not performed to avoid overadjustment, as age is an integral component of STESS. Subsequently, an additional multivariable analysis was performed with adjustment for SE refractory to first-and second-line AEDs. Interaction terms were fit to the regression models evaluating the associations between IVADs and death by variables of STESS, and by etiologies according to the guidelines of the International League Against Epilepsy to evaluate effect modification. 19 The Pearson and deviance goodness-of-fit tests were performed to assess the fit of the data to a Poisson distribution in the final regression models. (table 2) . IVADs were used in 63 patients refractory to first-and second-line AEDs. Among patients with IVADs, 29 had midazolam only, 22 midazolam followed by propofol, and 12 received barbiturates after midazolam. In patients with IVADs, a higher proportion had to be intubated (with IVADs 57/63, 90%, without IVADs 25/108, 25%, p , 0.0001). However, there was no difference in the mean duration of mechanical ventilation between both groups (12.3 days 6 11.5 with and 12.6 days 6 37.1 without IVADs; p 5 0.956).
A higher proportion of patients with IVADs had infections that were diagnosed during SE (27/63, 43% with and 12/108, 11% without IVADs; p , 0.0001). Most infections were respiratory tract infections (25/27) . Severe hypotension requiring vasopressors during SE was more frequent in patients with IVADs (11/63, 16% with and 2/108, 1.9% without IVADs). Eight patients received noradrenalin, 3 adrenalin, and 2 dobutamine.
Outcome. Seizure control in patients with and without IVADs during SE was similar (table 3) . Of the 141 survivors, follow-up after discharge was available in 136 patients who were all still alive (96.5% of The administration of different combinations of IVADs during SE and their associations with death revealed the strongest associations for midazolam followed by barbiturates or propofol. As IVADs were only used after first-and second-line AEDs failed, there was a strong correlation between treatmentrefractory SE and the use of IVADs, leading to insignificant results regarding the risk of IVADs and outcome after additional adjustment for refractory SE.
The Pearson and deviance goodness-of-fit tests revealed insignificant p values, indicating adequate model-fit (data not shown).
Effect modification. Increased risk of death in patients receiving IVADs was similar across the predefined subgroups (figure). Patients with simple partial, complex Table 2 Antiepileptic treatment in patients with and without continuous IV anesthetic drugs 
IVADs during SE, n (%)
Midazolam only --
(46)
Midazolam followed by propofol --
(35)
Midazolam followed by barbiturates --
(19)
Patients receiving additional nonanesthetic AEDs after IVADs partial, or absence seizures had a trend towards higher relative risks for death from IVADs than patients with convulsive SE and NCSE.
Sensitivity analyses. As the median SE duration differed between patients dying during SE (2.5 days, range 0.5-15) and surviving (1 day, range 0.5-43) (p 5 0.032), sensitivity analyses were performed by multivariable regression models after exclusion of patients dying during SE. The associations detected in table 4 remained significant, except for the association of IVADs with GOS 1-3, for which the p value changed from 0.041 to 0.060. DISCUSSION The use of IVADs in SE was associated with an increased relative risk of death independent of possible confounders and without significant changes in the risk by different grades of SE severity and different SE etiologies. This study represents an investigation adjusting for critical medical conditions, duration, severity, and refractoriness of SE by using a prospectively validated scoring system (STESS), and evaluating for possible effect modification. SE was controlled in 90% of patients with IVADs, a result similar to a study of midazolam infusion for treatment of refractory SE with seizure control in 60%-82%. 6, 20, 21 The proportion of infections in patients with IVADs, however, was higher (43%) than in a study of the use of propofol in refractory SE (33%). 22 This result needs to be interpreted with caution, as aspiration and consecutive respiratory tract infections may also be caused by insufficient swallowing and impaired cough reflex in patients with an altered level of consciousness due to SE. However, in a retrospective study of 63 refractory SE episodes, duration of drug-induced coma, arrhythmias requiring intervention, and pneumonia were associated with poor outcome. 23 Regarding different IVADs, the association with death was strongest with midazolam followed by barbiturates or propofol in our study-results that are underscored by a study of patients with mainly convulsive SE. 9 In a multicenter study, coma induction in SE patients was associated with death in the univariable analysis but lost significance in the multivariable model. 16 However, the proportion of patients with coma induction was small (25%, 39/154), possibly impeding the statistical power, and the proportion of survivors in the coma induction group was lower (54%) than in the group without (65%).
In our cohort, the relation between the use of IVADs and death was not modified by different grades of SE severity, suggesting that the association of IVADs with an increased risk of death did not depend on to whom or when, but on the fact that IVADs were used. The question if earlier administration of IVADs (i.e., as second-line treatment) might be less problematic and more effective in certain SE types 24 remains unresolved. Rehabilitation 56 (33) 33 (31) 23 (37) 0.424
Other hospital (for palliative care) 37 (22) 29 (27) 8 (13) 0.035
Nursing home (for palliative care) 13 (8) 7 (6) 6 (10) Several hazards may contribute to poor outcome, including cardiotoxicity with phenobarbital and pentobarbital, severe hypotension from thiopental, 25 or hepatotoxicity, metabolic acidosis, rhabdomyolysis, and cardiac failure seen in the propofol infusion syndrome. 26 Further, infections affect one-third of patients in some studies. 22 In a randomized trial regarding effectiveness of midazolam, propofol, and pentobarbital in refractory SE, mortality was still 48% independent of drug or treatment intensity, and with a higher proportion of severe hypotension in patients on pentobarbital, 8 a frequent side effect in SE patients treated with IVADs. 27 A higher proportion of infections and the use of vasopressors indicating severe hypotension were identified as possible mediators for poor outcome in our cohort.
IVADs are widely used in the treatment of SE despite known risks of adverse effects. Conversely, there are few case series and systematic reviews, and no Class I evidence supporting their use.
6-8 Systematic reviews conclude that coma induction with barbiturates effectively terminates seizures, but delays the recovery from coma and prolongs mechanical ventilation and intensive care. [6] [7] [8] One small multicenter trial showed wide confidence intervals for thiopental and propofol regarding seizure control, suggesting that the study was underpowered, or that the drugs largely vary in efficacy. 28 In our study, barbiturates were the only IVADs used to induce an isoelectric EEG. Hence it remains questionable whether barbiturates have similar relative risks for death when used for seizure control without isoelectric EEG.
The risks regarding the use of IVADs in SE in our study raise great concern. There is growing uncertainty regarding the benefits of these drugs in SE vs their potential harm. Should patients be treated with rapid intubation and high-dose IVADs, or managed less urgently, even when delayed seizure control might incur neuronal damage? This decision is complex. 29 Simplified "one-fits-all" management algorithms are not tenable, as morbidity and mortality vary considerably among different SE etiologies. The question whether SE in general damages the brain remains unresolved. While animal models support neuronal damage, there are insufficient data in humans. 30, 31 Most clinical studies emphasize that SE etiology remains the main determinant of outcome. 32, 33 Hence the main therapeutic goals should include developing strategies tailored to SE etiology and worst seizure type at onset, and consequently avoiding therapeutic harm from adverse effects. New generations of broad-spectrum AEDs with fewer adverse effects were not associated with increased risk of death in our cohort and are promising alternatives that may reduce the use of IVADs (e.g., topiramate 34 or lacosamide 35 ). In a study of refractory SE, seizures were terminated in 71% of patients within 72 hours and in 9% within 24 hours after administration of topiramate. 34 However, SE termination could not be linked to topiramate, as most patients received additional nonanesthetic AEDs and IVADs. While the effect of topiramate on outcome without IVADs remains unclear, the independent association between lacosamide and favorable short-term outcome in patients with refractory SE was detected with no differences in the use of IVADs in patients with and without lacosamide. 35 The strengths of this study are the large cohort, the use of relative risks to avoid an overestimation of associations in contrast to odds ratios, 36 and adjustments for duration, refractoriness, and severity of SE, and finally for additional critical medical conditions to exclude possible confounding by indication. The limitations of this study include the retrospective observational design in a single tertiary care center, which may limit generalizability. Therefore, analysis could only provide associations, and inference regarding causality cannot be drawn. In patients who developed SE prior to hospital admission, SE duration may be underestimated. However, it is unlikely that this possible inaccuracy influenced our results regarding the effect of IVADs, as this shortcoming would affect the entire cohort and not a specific subgroup. Furthermore, time from SE onset to SE diagnosis remains a critical parameter if "out-of-hospital" SE onset is unwitnessed, even in prospective studies. Due to the collinearity between SE refractory to first-and second-line AEDs and the use of IVADs, no significant results regarding the risk of IVADs and outcome were detected after additional adjustment for refractory SE. Many authors require failure of 2 AEDs before deeming SE refractory, producing unacceptable delays in using definitive therapies. In the Veterans Affairs trial, there was an unacceptably small likelihood that a second conventional agent would succeed, 37 leading to the suggestion that failure of any additional drug should constitute refractory SE. 38 These conflicting definitions of treatment-refractory SE and the fact that it dichotomizes patients into only 2 different SE severity groups are critical. We therefore argue that adjusting for SE duration and STESS including several important determinants of SE severity (i.e., age, seizure type, level of consciousness at presentation, and seizure history) more likely reflects true associations in our cohort. Although IVADs followed second-line AEDs and were accompanied by third-line therapy, IVAD administration was not strictly standardized. Clinicians possibly selected patients for IVADs who had seemingly more refractory or severe SE, a bias that cannot be excluded completely. Furthermore, additional potential confounding factors may have not been captured in the medical records and hence not been accounted for in the multivariable model.
The correlation between dose and duration of IVAD administration and outcome could not be analyzed, as they were influenced by the individual EEG responses and not by the actual serum levels. Furthermore, individual IVAD doses were adapted according to interacting comedication and individual factors such as induced liver enzymes. Hence, administered doses did not reflect the serum levels in many patients.
This study provides Class III evidence that patients with SE receiving IVADs have a higher proportion of infections and an increased risk of death compared with patients not receiving IVADs. Randomized trials are needed to further clarify the association of IVADs with outcome.
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